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which are forbidden in vacuum and can occur in dense baryonic matter due to the 
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these processes is investigated. It is found that their contribution to the production 
of photons and leptons in heavy-ion collisions is enhanced near the conditions 
corresponding to the restoration of chiral symmetry. Moreover, in the case of the oq 
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is observed due to the degeneration of p and oq masses when a hot hadron matter is 
approaching a chirally symmetric phase. 
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1. Introduction 

The medium-induced breaking of Lorentz symmetry for the ground state of hadron 
matter, while the interaction is Lorentz-invariant, can open some processes that are 
forbidden in normal conditions (in free space). The mixing of scalar and vector mesons 
such as a-uj, p-a^ and 0-/o(98O) is an example of this. The role of (T-7 transition in 
the enhancement of e^e~ production due to the (forbidden in vacuum) decay a e^e~ 
near the two-pion threshold was discussed by Weldon in . (According to vector-meson 
dominance (VMD), all electromagnetic interactions of mesons should be mediated by 
vector mesons: a scalar transforms to a vector which then transforms to a photon.) The 
effect of a-uj and p-Og mixing on the pion-pion annihilation in dilepton production was 
investigated in j2], where it was shown that additional peaks appeared in the dilepton 
spectrum in a sufficiently dense baryonic matter. On the other hand, the scalar-vector 
mixing can trigger two-photon decays of vector mesons, where a vector meson first 
transforms to a neutral scalar meson which then produces two correlated photons. In 
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the case of p-Oo mixing, an additional (resonant) amplification can occur because of the 
degeneration of the p and meson masses in particular conditions in dense matter 

The electromagnetic processes are considered as well-suitable probes to study in- 
medium properties of mesons in heavy-ion collisions. Much efforts have been sofar 
directed toward the understanding of meson properties in baryonic matter, because 
they can strongly modify in hot and dense medium as a precursor phenomenon of 
chiral symmetry restoration j3J |SJ HI- Insofar as correlated photon pairs are more 
difficult objects for detection than charged leptons, the most of attention has been 
paid to observation of dilepton spectra. Some measurements of dilepton spectra in 
heavy-ion collisions have been carried out at Lawrence Berkeley National Laboratory 
|H1, CERES at CERN, the NA38 and NA50 Collaborations [IHIIIII. Experiments 
are also planned by PHENIX at the Relativistic Heavy Ion Collider at Brookhaven 
National Laboratory and by HADES at the Gesellschaft fiir Schwerionenforschung (GSI) 
fr2\ . The facility planned to be constructed at GSI can produce more dense baryonic 
matter, which better suits for the observation of the above mentioned processes as they 
are more sensitive to density than to temperature. As to low-energy photon-photon 
correlations, some experimental and theoretical opportunities of their observation at 
Nuclotron (Dubna) had been envisaged recently during the round table discussion 
" Searching for the mixed phase of strongly interacting matter at the JINR Nuclotron" in 
June 2005 (see http://thsunl.jinr.ru/meetings/2005/roundtable/talks.htnilj). 

The pion-pion annihilation is usually considered as the main mechanism of two- 
photon and dilepton production (see e. g. [13j), while direct decays of mesons are 
of low interest. Due to modification of scalar and vector mesons in hot and dense 
medium, the spectrum of produced particles both in the annihilation and in direct 
decays can change. Thus, possible enhancement of photon pair production in the 
process rni 77 due to modification of a was investigated e. g. in [T3J [T3]. A 
peculiarity of the pion-pion annihilation via a is that its enhancement is expected in a 
very narrow region in the phase diagram. It is impossible to maintain a system with fixed 
temperature and chemical potential in heavy-ion experiments, therefore the produced 
particles spectra should be averaged over all phases through which the matter evolves 
during the collision. Unfortunately, the background processes shadow the peak in the 
two-photon enhancement because the conditions relevant for the enhancement exist for 
very short time. On the contrary, the increase in two-photon or dilepton production 
from the processes with a-uj, p-a^ and 0-/o mixing survives in a more wide range of 
temperature and baryon density, which improves the chances of their observation. 

In our paper, we focus our attention on some electromagnetic and strong decays 
of scalar and vector mesons that occur due to a-u, p-a^ and 0-/o mixing in dense 
baryonic matter. In difference to P, where only pion-loop contributions were taken 
into account, we use a three-flavour version of the Nambu-Jona-Lasinio (NJL) model 
with 't Hooft interaction in the mean-fleld approximation to estimate the contribution 
of quark loops to the scalar-vector mixing, because, in the large- iVc (number of colors) 
approximation, quark loops give the leading contribution. The quark-loop contribution 
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to the dilepton production in pion-pion annihilation has been already estimated in 
for deconfined quarks only. We calculate the partial widths corresponding to direct 
decays of scalar and vector mesons in the hadron phase but near the transition to the 
phase with restored chiral symmetry. The "real-time" formalism is implemented to 
introduce medium effects for the quark propagator in quark-loop calculations [THITHj. 
The vector-meson dominance is used for the description of dilepton decays of scalar 
mesons. 

The structure of our paper is as follows. In section 2, the model Lagrangian 
introduced and parameters are given. Two-photon and some strong decays of vector 
mesons p, uj as well as two-photon decays of (j) are described in section 3. In section 4, 
dilepton decays of scalar mesons a, Oq and /o(980) are calculated. In the last section, 
we draw our conclusion and give discussion of the obtained results. 



2. Model and parameters 

For the description of meson properties, we use a ?7(3) x t/(3) NJL model with 't Hooft 
interaction [121 1201 HH 1221 123 121| ■ The Lagrangian of the model consists of two parts: 
a f/(3) X f/(3) symmetric four-quark interaction and 't Hooft determinant [2S] with 
six-quark vertices 

G ^ G ^ 

C = q{id - m°)g + ^ J] l^^^^^f + (^^sAig)^] - ^{^l^i^f - 

- K {det[g(l + 75)g] + det[g(l - 75)?]} , (1) 

where Aj (i=l,...,8) are the Gell-Mann matrices and A° = -y/fl, with 1 being the unit 
matrix; q = {u, d, s} and q are quark and antiquark fields; m° = diag(m^, m° ~ m°, m^) 
is the current quark mass matrix; Gi and G2 are the four-quark interaction constants 
in the scalar-pseudoscalar and vector channels; K is the six-quark interaction constant. 

Chiral symmetry is known to be spontaneously broken in vacuum, which leads to 
the shift of the ground (vacuum) state to one with a nontrivial chiral quark condensate. 
The latter entails the formation of constituent masses of quarks related to the current 
quark masses by gap equations. For three flavors with isotopic symmetry, the gap 
equations are 

= '^u = 'nT'u + SmuGi/f (mu) + 32m^msKI^{m^)I^{ms), (2) 
= m° + SmsGi/f (ms) + 32K {mJ^{m^)Y , (3) 

where m^^ and nig are the constituent quark masses; I^{m) is a quadratically divergent 
integral that comes from the tadpole diagram and depends on the corresponding 
constituent quark mass m = {m^,ms} and the ultraviolet cut-off parameter A. In 
the three-dimensional regularization scheme it equals 
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The subscript 3 at A3 means that the cut-off is implemented in three-dimensional 
momentum space. 

The model parameters in vacuum are fixed in a way that allows one to reproduce 
the masses of vr, K and p mesons, the pion weak-decay constant = 92.4 MeV, the 
strong decay width of the p-meson and the mass difference of rj and r]' mesons (see 
|26j). We do not describe here the details of the parameterization scheme (the reader 
will find it e. g. in ) but give the following result = 280 MeV, m° = 2.1 MeV, 



ms = 416 MeV, = 51 MeV, d = 3.2 GeV-^, G2 = 16 GeV-^, K = 4.6 GeV 



A3 = 1.03 GeV. 

In hot and dense hadron gas, medium effects should be taken into account. In the 
mean-field approximation, where only one-loop diagrams are calculated, one can use the 
"real time" formalism ^3 El, where the quark propagator is replaced by its extended 
form 

1 



Sip,T,fi) = (p + m) 



p2 _ ^2 _|_ 



+ 2Tn5{p' - m')(e(/)n(p; T, /i) + ^(-/)^(p; T, -p)) 
with all medium effects being contained in the Fermi-Dirac function for quarks 



(5) 



n{v\T,n) = ( 1 + exp ^ ) . (6) 



Here, E = \/p'^ + m^, p and p are four- and three-momentum, respectively; T is the 
temperature and fi is the baryonic chemical potential. The hat over p stands for the 
contraction with 7- matrices: p = Pq7". 

All divergent parts of the one-loop diagrams necessary for our calculations can 
be represented by two basic integrals with quadratic and logarithmic ultraviolet 
divergencies 

A3 

Nc f p 

Ii\rn, T, p) = j^-^ J dp— (1 - n{p; T, p) - n{p; T, -/i)) , (7) 





A3 



Nc f p 

12'' {m, T, p) = ^^^^y J dp^ (1 - n{p; T, /i) - n{p; T, -fi)) . (8) 



In (0), the reader will recognize the thermalized form of the integral /f^(m) introduced 
in dD). 

Following the usual procedure of finite T and /i calculations in the NJL model, we 
make an assumption here that the model parameters Gi, G2, K, m°, and A3 do not 
depend on T and /i 18j. The dependence of the constituent quark masses m^, nig on T 
and /i is found from gap equations Q and Q. One can see the behaviour of and mg 
vs. fi in figures ^ and |21 at T = 20 and 100 MeV. As one can see from these plots, the 
mass of the strange quark changes little with /i in the range of interest (in the hadron 
phase), therefore rUg can be considered as being approximately a constant fixed to its 
vacuum value. 
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Figure 1. The u- and s-quark masses as functions of /j, at fixed temperature: 
T = 20 MeV. 

0,5 -| 



0,4- 

> 




0,0-^ ■ 1 ■ 1 ■ 1 ■ 1 ■ , 

0,20 0,25 0,30 0,35 0,40 0,45 



H, GeV 

Figure 2. The u- and s-quarlt masses as functions of fi at fixed temperature: 
T = 100 MeV. 
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3. Vector-meson decays 
3.1. The decay p ^ '-fj 

The direct decay of the neutral p-meson to two photons is forbidden in vacuum, but in 
dense medium the transition of p to the ao-meson becomes possible because of the 
explicit breaking of Lorentz symmetry for the ground state. The created thereby 
state with quantum numbers of a scalar meson decays then to a couple of photons. 
Schematically, the process is represented by the diagram drawn in figure El First, 



Two-photon decays of vector mesons and dilepton decays of scalar mesons. 



6 



Figure 3. The diagram corresponding to the p{uj, 0) 77 decay. The crossed diagram 
is not shown. 
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Figure 4. The masses of tt, oq, ct, p, t] and rj' -mesons as functions of /i at T = 20 MeV 
and T = 100 MeV. 
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a quark loop gives vector-scalar mixing, which is followed by an intermediate scalar 
resonance and ends up by the triangle quark loop describing a decay of the scalar meson 
to photons. The amplitude of this process has the form 

where Jp^ao describes p-ao mixing, Da^ is the ao-meson propagator, and T^^_^^^ is the 
amplitude of the oq 77 decay (see figure 0]) . 

Let us consider the right hand side of © in detail. The p-ao mixing is given 
by (see |TT)] ) 

Jp^ao = %^ / ^tr[5(A:_,T,p)7"5(fc+,T,p)] (10) 

X {e{kl) - e{-kl)) , 

p 

Cp^a„ = 4:Nc9aogp, k± = k±-, (11) 
g,, =(4/^(m„T,p))-i/2, gp = VQ9ao, (12) 
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where and gp are the oq and p meson-quark couphng constants, k is the internal 
quark momentum, and p is the four-momentum of the decaying meson. 

In vacuum, at /i = T = 0, Jp^ao ~ 0' whereas in medium it is nontrivial and 
vanishes only if the particle is at rest in the heat-bath frame. Moreover, Jp_^ao satisfies 
gauge invariance: PaJp-^ao ~ 0' which allows simplify the following expressions, using 
the relation 

where Jp^ao computed by integration over angles in the heat-bath frame 

J'p^a, = ^^|rfE5(E)[(2E+/)ln(F+) + (2E-/)ln(F_)] ,(14) 

m,u 

/)(F) sinh(/x/T) 

^ ^ cosh(/i/T) + cosh(E/r)' ^ ' 



p^ ± 2poE + 2\p\q 



(16) 



± 2pqE — 2|p|q'' 
with q = \JE'^ — vn?. 

The second multiplier in is the ao-meson propagator calculated on the mass-shell 
of the p-meson in medium, 

D,, = (Ml - Ml - iT,,{Mp)M,,)-'- (17) 

As is known from various investigations fH] (see also figure IH), the p-meson mass is 
a smooth function of T and /i and slightly decreases when the conditions of chiral 
symmetry restoration are being approached. Therefore, for rough estimates it can be 
assumed to be constant in the hadron phase. 

As it follows from the NJL model calculations ^Hl, the cr-meson mass drops down 
significantly with growing temperature and chemical potential, until it becomes almost 
degenerate with the pion mass when chiral symmetry is restored. The same is expected 
for the ao-meson. According to the NJL model, the ao mass is to be found from the 
expression 



Ml = g^ 



^ -8/^(m, 



ao i'ao 

A 



G,o = Gi-4AWr(m,), (18) 

which gives an underestimated value f» 800 MeV, comparing to the measured mass 
Mll^ = 984.7 ± 1.2 MeV 

A possible explanation to the mass deficit in the NJL calculations is the assumption 
of the existence of a four-quark component in the ao-meson EHl IHO] , which is usually 
ignored in the NJL-like models. To take into account the four-quark component, we 
introduce an additional term A into the mass formula for the ao-meson 

Ko' = K + ^- (19) 
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Figure 5. Mixing angles for scalar and pseudoscalar mesons in the NJL model for 
T = 20 MeV and T = 120 MeV as functions of chemical potential ^. 
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The model part of the mass of the oo-meson as well as the order parameter mu decrease 
with growing T and fi, as expected. It is natural to assume that A has a similar 
behaviour. We take A in the simplest form and consider two cases: i) A = Au and 
ii) A = Aus where A^ = 4m^ and Aus = 2.75m^ms which is enough to reproduce the 
measured Oq mass in vacuum. After the phase transition, A vanishes, which is required 
by restoration of chiral symmetry. 

The second quantity in the propagator of the ag-meson is its width. The partial 
decay mode oq rjir determines almost 100% of the total width, for which we obtain 
from the NJL model 



r 



9. 



aoriTT 



167rM„ 



1 - 
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9. 



'2m^9ao sin 6*?, 



(20) 
(21) 



where ~ 35.3° is the ideal mixing angle (ctg = V^) and 9-p is the singlet-octet 
mixing angle for pseudoscalar mesons. The dependence of the mixing angle on the 
chemical potential ^ is given in figure El for T = 20 and T = 120 MeV. The behaviour 
of rao^7r(Mp) VS. fi is showu in figures El and 

The last multiplier in T^^^^^, is the amplitude describing the two-photon decay 
of the ao-meson. The expression for it is well known j^l 1^ 



-'- ao— »77 



37rmu' 



(22) 
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o roo 7.3 

/i(T, /.) = !- -mliT, /i) dk^ In 



where a = 1/137, F^'^ is the electromagnetic tensor, and function fi is defined as ^Ij 

/.3 rE{k) + k- 
.E{k) - A;. 

X [n(A;;T,/i) +n(A;;T, -/i)]. (23) 

After calculating the square of the absolute value of the amplitude, summing over 
the polarization of the final state photons and integrating over the solid angle, one 
obtains the width 



a^M^o^ 1 7 |2 



where Ep = y + M'^. Numerical estimates for the width of the decay p — > 77 as of 
a function of three-momentum p and chemical potential /i at temperatures T = 20 and 
120 MeV are shown in figures I5HTT] with A = {Au, Aus}- It is easy to see that at some 
values of T and /i the two-photon decay width of the p-meson can be comparable to the 
two-photon decay width of scalar and pseudoscalar mesons in vacuum (see table [T]). 

Analogously, the two-photon decay of the cu-meson is given by the same diagram 
as for p. The difference is that uj mixes with the isoscalar scalar meson a. According to 
the NJL model, the mass of the cr-meson is to be found from the equation 

Ml ^ gl - 8/^(m„)^ + Ami (25) 

G, = G^ + AmJ^-\m,). (26) 

The width of a is mostly determined by its strong decay to two pions and is predicted 
by the NJL model (on the mass-shell of the a;-meson) to be of the form 



r,(M„) .r„.(Mj = ^^i-^. (27) 

g„^^ = 2m^gao cos^s- (28) 

The amplitude for the decay ^ 77 can be obtained from Q simply by replacing 
the factor Cao-*-yy in T^^^^^ (see (j22I)) by = IQaga^/ {'^nm^ and by using the 

cr-meson propagator instead of (-Da,, ^ D^) 

= {Ml - Ml - tT^{M^)M^)-\ (29) 

The angle is defined as the difference between the mixing angle for scalar mesons 
6s and the ideal mixing 6q: Os = Os — Oq. Its behaviour with respect to /i is given in 
figure El from which one can see that the singlet-octet mixing among scalar mesons is 
almost ideal and we put ^5 = in further calculations. 

A peculiarity of the decay p — 77 is that the ao-meson mass is larger than the p- 
meson mass in vacuum and significantly drops down when approaching the transition to 
the phase with restored chiral symmetry. One can conclude from this that in particular 
conditions the masses of oq and p become degenerate, which can be followed by a 
resonant amplification of the decay p — > 77 and noticeable enhancement near the p- 
meson mass in the two-photon spectrum. As to the a-meson, it is always lighter than 
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io. Moreover, their mass difference grows with /x, and, as a consequence, no resonant 
phenomenon occurs in this decay. Therefore, the number of two-photon events related 
to decays of vector meson will be dominated by those coming from p ^ 77 rather than 
from — s> 77, as one can see from figures IT^ and IT^ 

3.2. The decay — 77 

The decay of the 0-meson occurs due to 0-/o mixing (0 — > /o(980) — > 77), where the 
photon pair is produced by the decay of the intermediate /o(980)-meson. As one can see 
from figure El the mixing among scalar mesons is almost ideal, and one can consider the 
/o(980)-meson as composed of s- and s-quarks only. The 0-meson also consists mostly 
of strange quarks. Using this approximation together with the fact that the mass of 
the strange quark is almost constant (see figure ^ and |21) in the hadron phase, one can 
roughly estimate the decay of to 77. 

The 0-/o(98O) mixing is represented by an integral of the form ()14j) . where one 
one should replace the w-quark mass by the mass of the strange quark (m^ rus, 
Jp^u} ~^ J^^fa)- Qualitatively, the decay of the meson to photons has the behaviour 
with respect to similar to that of the lighter vector mesons (p and a;), so we omit here 
the plots for the — 77 decay rate. We should like only to note here that the width 
for the decay — 77 can be as large as 2 keV at appropriate conditions in the hadron 
phase at the three-momentum about 1 GeV. The width is greater for larger momenta: 
at IpI ~ 5 GeV the width can reach 8 keV, but such momenta are less probable at 
temperatures of order 100-200 MeV. 

3. 3. Strong decays p ^ nrj and u ^ nn 

The strong decays p ^ ttt] and c<j — ttttJ can be considered in the same manner as the 
electromagnetic ones which were discussed above. The difference is that an intermediate 
scalar meson decays to hadrons instead of photons and one needs only to replace the 
third multiplier in Q by an appropriate amplitude for the corresponding strong decay. 
For these decay widths at temperature T = 20 MeV, we give numerical estimates in 
figures El and E| The maximal value of the width of the decay p — 77 is about 
40 MeV, which is comparable with the main decay of the p-meson — the decay to two 
pions (150 MeV). The decay uj —>■ tttt can occur in vacuum due to the broken isotopic 
invariance {m^^ 7^ md) and gives F^^^^r = 145 ± 25 keV; in medium, its decay rate 
grows significantly and reaches 1.5 MeV. One should note here that in dense medium 
these strong decays become comparable with regular electromagnetic decays of scalar 
and pseudoscalar mesons whose widths are shown in tabled 

I The in-medium decay width lu tttt is calculated for nuclear matter within a hadronic model 
including mesons, nucleons and A-isobars in |32| . 
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Figure 6. The widths of decays ao rjir and a ^ mr in the NJL model for 
T = 20 MeV as functions of chemical potential fi. 
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Figure 7. The widths of decays ap — > rjiT and a 
T = 120 MeV as functions of chemical potential fi. 
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Table 1. Two-photon decays of scalar and pseudoscalar mesons in vacuum |2()j . 



Particle Mass, MeV T-^^, keV 



^0 


134.9766 ±0.0006 


(7.8 ±0.5) • 10-3 


V 


547.75 ±0.12 


1.29 ±0.07 


v' 


957.78 ±0.14 


4.29 ±0.15 


a 


400 - 1200 


- 1 


ao 


984.7 ± 1.2 


0.3 ±0.1 


fo 


980 ± 10 


39+" i 
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Figure 8. Two-photon decay width of p-meson with the qq mass corrected by A = A 
as a function of fi and |p| for T — 20 MeV. 




Figure 9. Two-photon decay width of the p-nieson with the uq mass corrected by 
A = Aus as a function of /i and |p| for T ~ 20 MeV. 




4. Scalar meson decays 
4.1. The decay o — > e^e~ 

The direct decay of the cx-meson to dileptons is also forbidden in vacuum and is allowed 
in dense medium due to a-uj mixing. After transition of a to tu, the latter transforms 
to a photon (according to VMD) which then produces an electron and a positron (see 
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Figure 10. Two-photon decay width of the p-meson with the oq mass corrected by 
A = Au as a function of ^ and |p| for T = 120 MeV. 





the diagram in figure IT^ . The corresponding amphtude is 

AlZl.^. = J:^^D^a^T^!:X_, (30) 

where describes the a-u mixing , D^^a/B is the c<j-meson propagator, and T^^^l^- 

is the amphtude of the decay uj e+e~. Fortunately, the a-uj mixing coincides with 
p-aQ mixing 

Ja~*u] — Jp^ao^ (31) 
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Figure 12. Two-photon decay width of tlie w-meson as a function of fj. and |p| for 
T = 20. 




Figure 13. Two-photon decay width of the w-meson as a function of /j, and |p| for 
T = 120 MeV. 




and the results of previous section can be used here. One then needs the cu-meson 
propagator on the mass of the cr-meson in medium (p^ = M^): 



Ml-Ml-iT^{M,)M^ V Ml 
The width of the tu-meson is neghgibly small and can be neglected here because the 
mass difference for the uj and a mesons increases while approaching the phase transition 
and dominates in the denominator in (jH^ : 

M2-Mr ^^^^ 
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Figure 14. Strong decay width p ^ TTjy at T = 20 MeV. 




Figure 15. Strong decay width a; ^ tttt at T = 20 McV. 




Figure 16. The diagram that describes dilepton decays of scalar meson in medium 
via scalar-vector mixing 
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For the same reason that was discussed in previous section, the tu-meson mass can be 
assumed to be constant. The cr-meson mass (in the NJL model) has been aheady given 
in (pKjl and is estimated to be about M^- ~ 550 MeV in vacuum (see figure Ej). 

The last multiplier in the amplitude, T^l^g^^^, is the amplitude describing the decay 
a; 7* — > e~^e~ in the VMD model: 

Sg^M^ ^ ^' ^ ^' ^ ^ 

where u(ki\si) and v(k2\s2) are spinors corresponding to the produced electron and 
positron, with Si{i = 1,2) being their spin projections and ki their four-momenta. 

To calculate the partial width for the dilepton decay of a scalar meson, one needs 
then to take the square of the absolute value of the amplitude (jHUj) . sum over the spin 
projections (because the polarization of leptons is not measured) and integrate over the 
solid angle in the final state. The result is 

r , (M ^ Ji!!^!ML^£-^ (35) 
Numerically (see figures IT7I and IT8|l . the decay cr —>■ e^e~ reaches 1.5 keV in maximum. 



4-2. The decay e+e 

The decay —>■ e+e^ is qualitatively the same as cr — > e+e^. The width is as follows 



rao^e+e-(M,„,p) ^ g^^^^Jp^ (M^^ _ M^)^ + M^^T .{M^.y ^^^^ 
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Figure 18. The decay a e+e" at T = 120 MeV 

0,6 r r r I 




The width of the p-meson is given by its decay to pions: 

r,(M,,) ^ r,_(M„J = j^iMl - AMlf'\ (37) 

The numerical estimates for the decay — > 77 are given in figures ^1 and 1201 Due to 
the mass degeneration of p and ao near the phase transition, a resonant enhancement 
is to be observed in the decay ao — > e"'"e~. However, because of the large width of 
the p-meson, there is no sharp resonance. Nevertheless, insofar as the p-7 transition is 
three times greater than the a;-7 transition (according to VMD) the rate of the decay 
Oo — >■ e"'"e~ turns to be larger almost by an order (~ 10 keV at the maximum), comparing 
to the decay a e^e~ . 



4.3. The decay /o(980) e+e" 

As it has been already mentioned in section 3 the mixing among scalar mesons is almost 
ideal near the phase transition, and the /o(980)-meson is considered as composed of s- 
and s-quarks only. For the /o(980) and masses assumed to be constant in the hadron 
phase, one can roughly estimate the decay of /o(980) to e"*"e". This decay is mediated 
by the 0-meson. The 0-/o(98O) mixing is again represented by the integral of the form 
flT^ with the M-quark mass replaced by the mass of the strange quark (see section 3). 
The other difference is that the transition of the 0-meson to a photon is larger that 
that for the a;- meson by factor ^/2 JH]- Taking into account all the written above, one 
obtains for /o — >■ e"'"e~: 

r,„_..-(M,„,p) ^ 27^2^,JpP ■ {Ml-Miy + MlT,{Mf,r ^^^^ 

Qualitatively, the behaviour of this width with respect to temperature and chemical 
potential is similar to the decay o"(ao) e+e~, and we do not show plots for this decay. 



Two-photon decays of vector mesons and dilepton decays of scalar mesons. 



18 





We should like to note here only that below /i = 350 MeV, the maximal width is about 
10 keV. 

5. Conclusion 

Two-photon decays of vector mesons and dilepton decays of scalar mesons are forbidden 
in free space but in medium they give an additional contribution to the corresponding 
two-photon and dilepton spectra in heavy-ion collisions. These decays are determined 
by a-LO, p-ao and 0-/o(98O) mixing which strongly depend on temperature, chemical 
potential and on the momentum of the decaying particle in the medium. The mixing 
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is mostly density-driven, and the effect is to be observable for relatively high chemical 
potentials and not too large temperatures. The maximum of the mixing is reached for 
the those particles whose momentum corresponds to the maximum in the momentum 
distribution at fixed T and fi. The rate of each decay vanishes in free space and is 
maximal near the transition from the hadron phase to the phase with restored chiral 
symmetry. The conditions in which the effect is noticeable correspond to a wide range 
in the phase diagram. The latter is important for heavy-ion collisions because one can 
thereby hope that the evolution of a fireball will lie mostly in this range. Additional 
enhancement is produced by the resonant effect if the p in involved. This enhancement 
is similar to that in the process tttt 77 jl4| ITH] and tttt vrvr [3^ . 

The case of p-a^ mixing seems more intriguing than the others because there are 
points in the phase diagram that correspond to conditions at which the masses of p 
and ao are close to each other. This leads to additional amplification of the two-photon 
decay of the p-meson because the intermediate oq meson becomes a sharp resonance. As 
a result, the forbidden in vacuum decay p ^ 77 turns out to be comparable (about 2.5 
keV) to regular decays — > 77 (0.3 keV, see table H)), a ^ 77 (1 ^ 10 keV) and ^ 77 
(~ 1.3 keV). Similar amplification will also be observed in the (strong) decay p rjir, 
which reaches the maximum value about 40 MeV. As to the tu-meson, its decay to pions 
significantly increases near the phase transition, comparing to its value in vacuum. 

Despite the degeneration of p and ao masses, there is no enhancement in the decay 
(^0 ~^ 77 similar to that in the decay p — > 77 because of the large width of the p-meson. 
Concerning the decay a — > e~^e~, insofar as a-u mass difference is relatively large and 
grows near the phase transition, no resonance is observed here. 

All the effects discussed here take place in the case of the decays — > 77 and 
/o(980) ^ e+e-. 

In addition, we would like to remark that, according to VMD, p-7 mixing is three 
times larger than u-'y. As a consequence, the number of dileptons produced by oq 
exceeds that produced by cr by an order. 

In this paper we did not consider diagrams excluding intermediate resonances, such 
as the decay of p-meson into a photon pair through the triangle quark diagram (see 
|34| I35] ) . Concerning the pion-loop contribution, we do not consider them here because 
they give next-to- leading order in the 1/iVc expansion. Concluding our paper, we would 
like to emphasize that the processes discussed here occur only in dense matter and 
can serve as indicators of approaching the quark-gluon plasma in heavy-ion collision 
experiments. 
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